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We study charm production in Pb+Pb collisions at
√
sNN =2.76 TeV in the Parton-Hadron-String-
Dynamics transport approach and the charm dynamics in the partonic and hadronic medium. The
charm quarks are produced through initial binary nucleon-nucleon collisions by using the PYTHIA
event generator taking into account the (anti-)shadowing incorporated in the EPS09 package. The
produced charm quarks interact with off-shell massive partons in the quark-gluon plasma and are
hadronized into D mesons through coalescence or fragmentation close to the critical energy density,
and then interact with hadrons in the final hadronic stage with scattering cross sections calcu-
lated in an effective Lagrangian approach with heavy-quark spin symmetry. The PHSD results
show a reasonable RAA and elliptic flow of D mesons in comparison to the experimental data for
Pb+Pb collisions at
√
sNN = 2.76 TeV from the ALICE Collaboration. We also study the effect of
temperature-dependent off-shell charm quarks in relativistic heavy-ion collisions. We find that the
scattering cross sections are only moderately affected by off-shell charm degrees of freedom. How-
ever, the position of the peak of RAA for D mesons depends on the strength of the scalar partonic
forces which also have an impact on the D meson elliptic flow. The comparison with experimental
data on the RAA suggests that the repulsive force is weaker for off-shell charm quarks as compared
to that for light quarks. Furthermore, the effects from radiative charm energy loss appear to be low
compared to the collisional energy loss up to transverse momenta of ∼ 15 GeV/c.
PACS numbers: 25.75.Nq, 25.75.Ld
I. INTRODUCTION
The strong interaction, which mediates the energy-
momentum exchange between hadrons as well as partons,
is described by the Quantum Chromo Dynamics (QCD).
The characteristic features of QCD are the asymptotic
freedom at short distance and the confinement at long
distance. Due to these features of QCD, the partons be-
have as free particle at short distance but are confined
inside hadrons on distances of the order ∼ 1 fm. With
increasing temperature or nuclear density the hadrons
overlap in space, and the partons – confined before in a
single hadron – now can freely move for distances that are
large compared to the hadron size. The phenomenon is
called deconfinement or the phase transition to a quark-
gluon plasma (QGP).
Relativistic heavy-ion collisions are the experiments
to realize such extreme conditions. Since the hot and
dense matter produced in relativistic heavy-ion collisions
disappears on time scales of a couple of fm/c, it is a
big challenge to investigate its properties. One can ob-
tain information on the system by measuring bulk par-
ticles, electromagnetic probes such as direct photons or
lepton pairs or hard particles. The hard particles are
normally represented by jets and heavy flavors. The for-
mer are light particles with large transverse momentum
and neighbours in a momentum cone, while the latter
represent heavy particles which have charm or bottom
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flavor. Since the production of hard particles requires
large energy-momentum transfer, it takes place early in
relativistic heavy-ion collisions, and can be described by
perturbative QCD (pQCD).
The produced hard particle interacts with the hot
dense matter by exchanging energy and momentum. For
example, a hard particle with large transverse momen-
tum (relative to the bulk matter) loses part of its energy
while passing through the medium. This results in a sup-
pression of the RAA at high transverse momentum, which
is the ratio of the measured particle number in heavy-ion
collisions to the expected number in the absence of nu-
clear or partonic matter. With increasing strength of
the interaction of a hard particle with the medium the
ratio RAA becomes more suppressed at high transverse
momentum.
It has been naively expected that the RAA of heavy
flavor mesons is less suppressed as compared to that of
light hadrons for two reasons: Firstly, the scattering cross
section of a heavy quark is smaller in pQCD than that of
a gluon which produces e.g. a light-hadron jet. Secondly,
the gluon radiation from heavy quarks is suppressed due
to so-called dead-cone effect [1]. However, experimental
data show that the suppression of heavy-flavor mesons is
comparable to that of light hadrons [2]. Also the elliptic
flow of heavy-flavor hadrons is not small compared to
that of light hadrons [3] and of comparable size. This
sets up a puzzle for heavy-flavor production in relativistic
heavy-ion collisions.
There have been various theoretical studies on the
heavy-quark diffusion in relativistic heavy-ion collisions.
Most of them are based on the Boltzmann equation [4–
210]; an alternative way is to solve the Langevin equa-
tion [11–15] for the charm dynamics as an approximation
to the Boltzmann equation. The latter again is closely
linked to the Fokker-Plank equation connecting drift and
diffusion by the Einstein relation at fixed temperature.
Since the heavy-flavor interaction is intimately related
to the dynamics of the partonic or hadronic bulk matter,
a proper description of the relativistic heavy-ion colli-
sions is essential. The models describing the heavy-ion
dynamics are classified into macroscopic and microscopic
ones. Hydrodynamic simulations are a macroscopic de-
scription which assume local thermal equilibrium and nu-
merically solve intensive thermal quantities as functions
of space and time by choosing a proper Equation-of-State
(EoS). There have been several attempts to include off-
equilibrium effects by introducing viscosity or anisotropic
momentum distributions of the hydro fluid. On the other
hand, microscopic approaches are based on the Boltz-
mann equation or some extensions of it. For a review on
the different approaches we refer the reader to Ref. [16].
The Parton-Hadron-String Dynamics (PHSD) ap-
proach, which we use in this study, differs in sev-
eral aspects from the conventional Boltzmann-type ap-
proaches [17]. First of all, the degrees-of-freedom for
the QGP phase are massive strongly-interacting quasi-
particles. The masses of the dynamical quark and gluon
in the QGP are distributed according to spectral func-
tions whose pole positions and widths, respectively, are
defined by the real and imaginary parts of their self-
energies. The latter are defined in the dynamical quasi-
particle model (DQPM) in which the strong coupling and
the self-energies are fitted to lattice QCD results. Due to
the finite spectral width, the spectral function has time-
like as well as space-like parts. The time-like partons
propagate in space-time within the light-cone while the
space-like components are attributed to a scalar potential
energy density [17]. The gradient of the potential energy
density with respect to the scalar density generates a re-
pulsive force in relativistic heavy-ion collisions and plays
an essential role in reproducing experimental flow data
and transverse momentum spectra. We recall that the
PHSD approach has successfully described numerous ex-
perimental data in relativistic heavy-ion collisions from
the Super Proton Synchrotron (SPS) to Large Hadron
Collider (LHC) energies [17–20]; a review on bulk and
electromagnetic properties of relativistic heavy-ion reac-
tions within PHSD can be found in Ref. [21].
Recently, explicit charm production has been imple-
mented in the PHSD [22]. The initial charm and an-
ticharm quarks are produced by using the PYTHIA event
generator. In the QGP they interact with off-shell par-
tons and finally are hadronized into D mesons either
through fragmentation or coalescence if the energy den-
sity is close to the critical energy density for the crossover
transition (∼ 0.5 GeV/fm3). The hadronized D mesons
then interact with light hadrons and finally freeze out.
The PHSD approach has been applied for charm produc-
tion in Au+Au collisions at
√
sNN =200 GeV, and the
results on the RAA as well as the v2 of D mesons are in
reasonable agreement with the experimental data from
the STAR collaboration [23, 24] as demonstrated in Ref.
[22].
In this study we extend our previous work and apply
the PHSD to charm production in Pb+Pb collisions at√
sNN =2.76 TeV. In this way we can examine the valid-
ity and consistency of the PHSD approach in describing
charm production in relativistic heavy-ion collisions in a
wide range of collision energies in connection with our
previous study [22] and in connection with the dynamics
of light-flavor hadrons [21]. We also study the effects of
parton (anti-)shadowing and of off-shell charm and an-
ticharm quarks on the charm production and dynamics
in relativistic heavy-ion collisions at the LHC.
This paper is organized as follows: The charm pro-
duction in initial nucleon-nucleon binary collisions is de-
scribed in Sec. II and the results are compared with those
from Fixed-Order Next-to-Leading Logarithm (FONLL)
calculations and the experimental data in p+p collisions.
In Sec. III, we explain how the (anti-)shadowing effect is
implemented in PHSD which had been discarded in Ref.
[22] at RHIC energies. We then describe the partonic and
hadronic interactions of charm as well as its hadroniza-
tion in Sec. IV. Finally, the nuclear modification and el-
liptic flow of D mesons from the PHSD are shown in
Sec. V and compared with the experimental data from
the ALICE collaboration. Sec. VI gives a summary of
the present work.
II. INITIAL CHARM QUARK PRODUCTION
We generate initial charm and anticharm quark pairs
by using the PYTHIA event generator [25]. In order to
reproduce the differential cross sections for charm quark
production from the Fixed-Order Next-to-Leading Log-
arithm (FONLL) calculations [26], the rapidity distribu-
tion of the charm quark is increased by 9 %. In Fig. 1
we compare the transverse momentum spectrum and the
rapidity distribution of charm quarks in p+p collisions
at
√
sNN =2.76 TeV from the FONLL and those from
the tuned PYTHIA event generator. We note that the
differential cross section from the FONLL is rescaled for
comparison.
The produced charm and anticharm quarks in p+p col-
lisions hadronize by emitting soft gluons. The probabil-
ities for a charm quark to hadronize into D+, D0, D+s ,
andD∗+ are, respectively, taken to be 0.226, 0.557, 0.101,
and 0.238 from the combined e+e− data with D∗ decay
into D+ and D0 being included [27–29]. The fraction of
D∗0 is given by multiplying to the fraction of D∗+ the ra-
tio of neutral to charged D meson production rate, Ru/d,
which is taken to be 1.09 [29]. The three-momentum
of a hadronized D meson is given by the fragmentation
function [30],
DHQ (z) ∼
1
z[1− 1/z − ǫQ/(1− z)]2 , (1)
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FIG. 1: (Color online) Transverse momentum (a) and ra-
pidity (b) distributions of charm quarks in p+p collisions at√
sNN =2.76 TeV from FONLL (dashed lines) and the tuned
PYTHIA event generator (solid lines).
where z is the momentum fraction of the hadron H frag-
mented from the heavy quark Q while ǫQ is a fit param-
eter which is taken to be ǫQ = 0.01 as in our previous
study [22]. The energy of the D meson is adjusted to be
on mass-shell.
Fig. 2 shows the differential cross sections of D0, D+,
and D∗+ mesons after the charm fragmentation in p+p
collisions at
√
sNN =2.76 TeV in comparison with the
experimental data from the ALICE collaboration [27].
The agreement with the experimental data is sufficiently
good.
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FIG. 2: (Color online) Differential cross sections for D0, D+,
and D∗+ production at mid-rapidity (|y| < 0.5) in p+p colli-
sions at
√
sNN =2.76 TeV from the ALICE collaboration [27]
compared with those from the tuned PYTHIA event gener-
ator and the fragmentation function of Peterson [30] (solid
lines).
III. (ANTI-)SHADOWING EFFECTS
In pQCD, a charm quark pair is produced through par-
ton scattering. The partonic scattering cross section for
charm production is then weighted by parton distribu-
tion functions of the nucleon in order to calculate the
production cross section in nucleon-nucleon collisions:
σNNcc¯ (s) =
∑
i,j
∫
dx1dx2f
N
i (x1, Q)f
N
j (x2, Q)
×σijcc¯(x1x2s,Q), (2)
where fNi (x,Q) is the distribution function of the parton
i with the energy-momentum fraction x in the nucleon
at scale Q. The momentum fractions x1 and x2 are cal-
culated from the transverse mass (MT ) and the rapidity
(y) of the final-state particles by
x1 =
MT
Ecm
ey,
x2 =
MT
Ecm
e−y, (3)
where Ecm is the nucleon-nucleon collision energy in the
center-of-mass frame. We recall that a nucleon is oc-
cupied by valence quarks at large x and dominantly by
gluons at small x. Since charm-quark pair production re-
quires a large energy-momentum transfer, partons with
large x dominantly contribute to the production. How-
ever, with increasing collision energy, partons with small
x are more and more involved in charm pair production.
As a result, gluon fusion becomes more important for
4charm production than quark and antiquark annihilation
for such high energy collisions as at the LHC.
Fig. 3 shows the ratio of the cross section for charm
production in the channel g + g → c + c¯ to that in q +
q¯ → c+ c¯ in p+p collisions as a function of the collision
energy. The partonic cross sections are calculated up to
Leading-Order (LO) in pQCD [31], and the CTEQ6M
parton distribution function [32] in Eq. (2). Fig. 3 shows
that gluon fusion is much more important than quark and
antiquark annihilation for charm pair production in high-
energy collisions. Therefore, we assume in this study that
all charm pairs are produced through gluon fusion.
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FIG. 3: (Color online) Ratio of the cross section for charm
production in the channel g + g → c + c¯ to that in q + q¯ →
c + c¯ in p+p collisions as a function of collision energy. The
partonic cross sections are calculated up to LO in pQCD [31],
and the CTEQ6M parton distribution function [32] is used in
Eq. (2).
We recall that the parton distribution function (PDF)
is modified in a nucleus to
fN
∗
i (x,Q) = R
A
i (x,Q)f
N
i (x,Q), (4)
where N∗ indicates the nucleon in nucleus A, and
RAi (x,Q) is the ratio of the PDF of N
∗ to that of a free
nucleon. The ratio RAi (x,Q) of a heavy nucleus A, which
is lower than 1 at small x, increases with increasing x,
and is slightly larger than 1 from a certain value of x. The
region RAi (x,Q) < 1 is called shadowing, and the regime
RAi (x,Q) > 1 is called antishadowing. The EPS09 pack-
age – used in this study – parameterizes RAi (x,Q) from a
fit of the parameters to the experimental data from deep
inelastic l+A scattering, Drell-Yan dilepton production
in p+A collisions, and inclusive pion production in d+Au
and p+p collisions at RHIC [33].
Substituting Eq. (4) into Eq. (2), the cross section for
charm production is modified to
σN
∗N∗
cc¯ (s) =
∑
i,j
∫
dx1dx2R
A
i (x1, Q)R
A
j (x2, Q)
×fNi (x1, Q)fNj (x2, Q)σijcc¯(x1x2s,Q). (5)
In order to include the (anti-)shadowing effect in the
PHSD, we take the following steps: First, the energy-
momentum fractions x1 and x2 are calculated from the
transverse mass and rapidity of the charm quark pair,
which is generated by PYTHIA by using Eq. (3). Second,
RAi (x1, Q) and R
A
j (x2, Q) for i = j = gluon are obtained
from the EPS09 package. The scale Q is taken to be the
average of the transverse mass of the charm and that of
the anticharm. Third, we introduce a maximum value
of RAi (x1, Q)R
A
j (x2, Q), for example, 10. If a random
number is larger than the ratio of RAi (x1, Q)R
A
j (x2, Q)
to the maximum value, the produced charm quark pair
is discarded, and a new charm quark pair is generated
by PYTHIA. These steps are repeated until the random
number is smaller than the ratio.
The (anti-)shadowing effect is expected to depend on
the impact parameter in heavy-ion collisions such that
it is strong in central collisions and weak in peripheral
collisions. We assume that the (anti-)shadowing effect is
proportional to the thickness of the nucleus,
TA(r⊥) =
3NA
2πR2A
√
1− r
2
⊥
R2A
, (6)
where NA and RA are the mass number and the radius
of nucleus A and r⊥ is the transverse distance from the
center of the nucleus. For RAi (x1, Q), the averaged ratio
over impact parameter, we find
RAi (r⊥, x,Q) =
4
3
√
1− r
2
⊥
R2A
RAi (x,Q), (7)
which satisfies
RAi (x,Q) =
2π
NA
∫
dr⊥r
2
⊥TA(r⊥)R
A
i (r⊥, x,Q). (8)
The (anti-)shadowing affects the total cross section for
charm production as well as the pT spectrum of produced
charm. Before taking the above steps, therefore, we pre-
calculate the total cross section for each centrality from
σN
∗N∗
cc¯ (s)
σNNcc¯ (s)
=
1
n
n∑
i=1
RPbg (r
A
⊥i, x1i, Qi)R
Pb
g (r
B
⊥i, x2i, Qi),(9)
where n is the number of PYTHIA events for charm pro-
duction in heavy-ion collisions, and rA
⊥i and r
B
⊥i, respec-
tively, the transverse positions of the production from
the center of nucleus A and nucleus B; x1i and x2i are
calculated in each PYTHIA event by using Eq. (3).
Fig. 4 shows the ratio of differential cross section for
charm production in heavy-ion collisions to that in p+p
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FIG. 4: (Color online) The ratio of differential cross section
for charm production in heavy-ion collisions to that in p+p
collisions as functions of transverse momentum pT for |y| <
0.5 (a) and of rapidity (b) due to the (anti-)shadowing in 0-10
% and 30-50 % central Pb+Pb collisions at
√
sNN =2.76 TeV.
collisions as functions of transverse momentum pT for
|y| < 0.5 (a) and of rapidity (b) due to (anti-)shadowing
in 0-10 % and 30-50 % central Pb+Pb collisions at√
sNN =2.76 TeV. The production of charm and an-
ticharm quarks is suppressed near mid-rapidity and at
low transverse momentum which correspond to small x
in the PDF; the suppression is larger in central collisions.
Our results of shadowing effect are consistent with those
from Ref. [34], because the same EPS09 package is used.
However, we take into account the centrality dependence
by using Eq. (7). We note that charm production is sup-
pressed by ∼30 % in 0-10 % central collisions and by ∼
20 % in 30-50 % central collisions.
IV. CHARM INTERACTIONS IN THE QGP
A. partonic interactions
In PHSD, baryon-baryon and baryon-meson collisions
at high-energy produce strings. If the local energy den-
sity is above the critical energy density (∼ 0.5 GeV/fm3),
the strings melt into quarks and antiquarks with masses
determined by the temperature-dependent spectral func-
tions from the DQPM [35]. Massive gluons then are
formed through flavor-neutral quark and antiquark fu-
sion. In contrast to conventional elastic scattering, off-
shell partons change their mass after the elastic scatter-
ing according to the local ’temperature’ (energy density)
in the local cell where the scattering happens. This au-
tomatically updates the parton mass distribution when
the hot and dense matter expands, i.e. the local ’tem-
perature’ decreases with time.
We note that the spectral function of charm or an-
ticharm quarks cannot be fitted from lattice QCD data
because the contribution from charm or anticharm quarks
to the lattice entropy is small in the temperature region
of interest. Therefore, we adopt two scenarios: In the
first scenario, any thermal effect on the charm quark
mass is completely ignored, and the charm quark mass
is 1.5 GeV regardless of temperature. In the second sce-
nario, the temperature dependence of the pole position
and width of the charm quark spectral function is ex-
actly the same as that of light quarks apart from an in-
crease of the charm-quark pole mass by 1.0 GeV. In the
latter case, the average charm quark mass initially is ∼
1.5 GeV, i.e. the same as in the former case. However,
the charm quark, which scatters in the QGP, changes its
mass according to its thermal spectral function.
Different from the usual treatment of heavy-quark
scattering using the leading-order QCD perturbation the-
ory (pQCD) [31, 36] or the inclusion of nonperturbative
features in thermal perturbation theory, denoted as the
hard thermal loop (HTL) approach [37], we consider all
the effects of the nonperturbative nature of the strongly
interacting quark-gluon plasma (sQGP) constituents, i.e.
the large coupling, the multiple scattering, etc. To do
so, we refrain from a fixed-order thermal loop calcula-
tion relying on perturbative self-energies (calculated in
the limit of infinite temperature) to fix the in-medium
masses of the quarks and gluons and pursue instead a
more phenomenological approach. The multiple strong
interactions of quarks and gluons in the sQGP are en-
coded in their effective propagators with broad spectral
functions. The effective propagators, which can be in-
terpreted as resummed propagators in a hot and dense
QCD environment, have been extracted from lattice data
in the scope of the DQPM [17, 38].
The leading order processes for the scattering of a
heavy quark off a light quark and gluon are qQ → qQ
and gQ → gQ. In Refs. [38–40] we have calculated the
transition matrix elements for these processes, consider-
ing the effects of finite masses and widths of the different
6partons as well as the scattering angle, temperature and
energy dependencies of the corresponding scattering cross
sections. In this section, we highlight the differences be-
tween the two scenarios mentioned above (charm quark
mass fixed at 1.5 GeV and off-shell charm quark masses)
on the scattering angle, temperature and energy depen-
dence of the cross sections as well as the charm transport
coefficients.
Fig. 5 (a) shows the qQ differential elastic cross sec-
tions as a function of the scattering angle for invariant
energy
√
s =3 and 4 GeV, and Fig. 5 (b) the qQ to-
tal elastic cross sections as a function of center-of-mass
energy. The temperature is taken to be T=0.2 GeV in
the upper panel (a), and T=0.2 and T=0.3 GeV in the
lower panel (b). In these figures the orange (black) lines
correspond to the charm quark with a constant mass of
1.5 GeV (off-shell charm quark mass given by its DQPM
spectral function). The gQ elastic cross section can be
deduced from the qQ process by an appropriate Casimir
color factor. Fig. 5 shows a sizeable difference between
the results in the two scenarios only for large scatter-
ing angles and close to the threshold. For example, the
differential cross section of off-shell charm is at most 20-
25 % larger than that of charm with constant mass in
backward scattering (cosθ = −1). Therefore, one can
conclude that introducing off-shell masses (finite width
corrections) does not change the total cross sections for
heavy quark scattering on a relevant scale. This is due to
the moderate parton widths for the charm quarks con-
sidered in the DQPM model. However, the two cross
sections differ from each other below the threshold en-
ergy where the scattering cross section of off-shell charm
quarks increases with
√
s, because more and more frac-
tions of light-quark and heavy-quark spectral functions
can contribute. These have peaks at the threshold energy
and then decrease following the scattering cross sections
of constant-mass charm quarks.
The scattering of charm quarks leads to an energy and
momentum loss in the hot QGP medium. The collisional
energy loss of charm quark has been explicitly calcu-
lated for on- and off-shell partons in the framework of
non-perturbative QCD using the partonic cross sections
shown above in Refs. [39–41]. The difference between
the on- and off-shell energy losses is related to the en-
ergy asymmetric contribution of the Breit-Wigner spec-
tral function. We recall that a complex propagator is
used for both scenarios, which contains an additional
imaginary part proportional to the gluon width.
In Fig. 6 (a), the energy loss of charm quarks dE/dx is
shown as a function of charm quark momentum for off-
shell charm masses and the charm with a constant mass
at T = 0.2 GeV. The energy loss of an off-shell charm
is slightly smaller than that of a charm with a constant
mass. The figure also shows that the heavy quark gains
energy at low momentum to approach thermal equilib-
rium.
To validate our description of charm interactions in the
QGP, the spatial diffusion constant of charm quarks Ds
FIG. 5: (Color online) The qQ differential elastic cross sec-
tions as a function of scattering angle for invariant energy√
s = 3 and 4 GeV (a), and the qQ total elastic cross section
as a function of the center-of-mass energy (b). The temper-
ature of the QGP medium is taken to be T=0.2 GeV in the
upper panel (a), and T=0.2 and T=0.3 GeV in the lower panel
(b). The orange (black) lines correspond to the charm quark
with a constant mass of 1.5 GeV (off-shell charm quark with
a mass given by the DQPM spectral function).
has been calculated on the basis of our charm scattering
cross sections [39, 42, 43] and compared with that from
lQCD and that ofD mesons in the hadronic medium from
Ref. [44]. Fig. 6 (b) shows a good agreement between our
diffusion constants and those from lQCD [45] above Tc.
For temperatures below Tc, we observe that the spatial
diffusion constants in hadronic and partonic matter are
smoothly connected and show a pronounced minimum
around Tc. Finally, the diffusion constant Ds for off-shell
charm is about 10 % larger than that of charm with a
constant mass, because Ds ∝ η−1D and ηD is proportional
7FIG. 6: (Color online) Charm collisional energy loss as a func-
tion of the charm quark momentum (a) and spatial diffusion
constant Ds as a function of the medium temperature (b).
The orange (black) solid lines correspond to the charm quark
with a constant mass of 1.5 GeV (off-shell charm quark with
a mass given by the DQPM spectral function). The black
dashed line below T = 180 MeV is the diffusion constant of
D mesons in hadronic matter from Ref. [44]. The lattice QGD
calculations are taken from Ref. [45]
to the drag coefficient which quantifies the momentum
and energy losses.
The comparisons in Fig. 5 and 6 show that the effect
of the off-shell charm-quark mass distribution on scat-
tering cross sections, energy loss, and spatial diffusion
constant is moderate. We note that the most impor-
tant factor, which decides the temperature-dependence
of those quantities, is the strong coupling g(T ) and its
infrared enhancement close to Tc which is extracted from
the lattice EoS.
B. Hadronization
Once the local energy density gets lower than ∼0.75
GeV/fm3, the charm quarks may hadronize through co-
alescence. In PHSD all neighboring antiquarks are can-
didates for the coalescence partner of the charm quark.
From the distances in coordinate and momentum spaces
between the charm quark and light antiquark (or vice
versa), the coalescence probability is given by
f(ρ,kρ) =
8gD
62
exp
[
−ρ
2
δ2
− k2ρδ2
]
, (10)
where gD is the degeneracy of the D meson, and
ρ =
1√
2
(r1 − r2), kρ =
√
2
m2k1 −m1k2
m1 +m2
, (11)
with mi, ri and ki being the mass, position and momen-
tum of the quark or antiquark i in the center-of-mass
frame, respectively. The width parameter δ is related to
the root-mean-square radius of the produced D meson
through
〈r2〉 = 3
2
m21 +m
2
2
(m1 +m2)2
δ2. (12)
Since this prescription gives a larger coalescence proba-
bility at low transverse momentum, the radius is taken to
be 0.9 fm as in our previous study [22]. We also include
the coalescence into highly excited states, D∗0(2400)
0,
D1(2420)
0, and D∗2(2460)
0,±, which are assumed to im-
mediately decay to D or D∗ and π after hadroniza-
tion [22].
Summing up the coalescence probabilities from all
candidates, whether the charm or anticharm quark
hadronizes by coalescence or not, and which quark or
antiquark among the candidates will be the coalescence
partner is decided by Monte Carlo. If a random num-
ber is above the sum of the coalescence probabilities, it
is tried again in the next time step till the local energy
density is lower than 0.4 GeV/fm3. The charm or an-
ticharm quark, which does not succeed to hadronize by
coalescence, then hadronizes through fragmentation as in
p+p collisions.
Fig. 7 shows the coalescence probabilities of mid-
rapidity charm (|y| < 0.5) as a function of the transverse
momentum in 0-10 % and 30-50 % central Pb+Pb colli-
sions at
√
sNN =2.76 TeV. Since the charm or anticharm
quark with large transverse momentum has a reduced
chance to find a coalescence partner close by in phase
space, the coalescence probability decreases with increas-
ing transverse momentum. Compared with the coales-
cence probabilities in Au+Au collisions at 200 GeV [22],
the present coalescence probabilities are slightly smaller
at pT = 0 and are shifted to higher pT essentially due to
the stronger transverse flow.
Since the hadronization of charm quarks through frag-
mentation is not properly suited at low transverse mo-
mentum, several studies have forced the coalescence
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FIG. 7: (Color online) Coalescence probabilities of mid-
rapidity charm (|y| < 0.5) as a function of the transverse
momentum in 0-10 % and 30-50 % central Pb+Pb collisions
at
√
sNN =2.76 TeV.
probability to be 1 at pT =0 [9, 12, 46, 47]. However, it is
not clear presently how to control this modeling in prac-
tice. In the case of a hydrodynamic background, for ex-
ample, the coalescence probability is precalculated in the
thermalized matter and rescaled such that it is 1 at pT =0
as in Refs. [9, 46]. It is no longer 1 any more after includ-
ing flow effects due to the Lorentz boost. Thus is forced
to be 1 at pT =0 for each flow velocity in Ref. [46]. In
the case of Boltzmann-type simulations, the coalescence
probability depends on the system size, in other words,
collision energy as well as centrality [22]. Although the
coalescence probability may be rescaled at one collision
energy and in a single centrality, the probability is not 1
at pT =0 at other collision energies or other centralities.
We mention that it is more consistent to perform the
coalescence without any additional modeling and allow
a partial fragmentation at low pT for the following rea-
son: Though the coalescence is a promising model for
the hadronization of low-pT particles, it is barely appli-
cable in p+p collisions. For that reason, all charm quarks
are assumed to be hadronized by fragmentation in p+p
collisions in Sec. II. Since the fragmentation is already
allowed at low-pT in p+p collision, which is the refer-
ence for the nuclear modifications in heavy-ion collision,
there is no reason to prohibit fully the fragmentation in
heavy-ion collisions. Moreover, if the fragmentation is
prohibited, in other words, the coalescence probability is
forced to be 1 in peripheral heavy-ion collisions, it will in-
duce a large nuclear modification factor, although a small
nuclear matter effect is expected in peripheral collisions.
Therefore, we allow a partial fragmentation at low pT,
unless a better way of hadronization is adopted in p+p
collisions.
Finally, we assume that the hadronization time of a
charm quark is 0.5 fm/c in the rest frame, and that the
charm quark does not scatter during the hadronization.
The details on the hadronization time of heavy flavor are
discussed in Ref. [48].
C. Hadronic interactions
The hadronized D and D∗ mesons then interact with
hadrons in the hadron gas phase. The cross sections forD
or D∗ scattering off pseudoscalar mesons (π, K, K¯, η),
baryons (N, ∆), and antibaryons (N¯ , ∆¯) are calculated
on the basis of effective hadronic models which incorpo-
rate chiral symmetry breaking in the light-flavor sector.
The additional freedom stemming from the coupling to
heavy-flavored mesons is constrained by imposing heavy-
quark spin symmetry (HQSS) [44, 49–55]. It has been
shown that these cross sections have a non-trivial en-
ergy, isospin, and flavor dependence due to the presence
of resonant states close to threshold energies with domi-
nant decay modes involving open-charmmesons and light
hadrons [22], such as the D∗0(2400) and the D
∗
s (2317)
in Dπ and DK scattering, respectively, or the Λc(2595)
in DN scattering, all of them dynamically generated in
these approaches. The cross sections for scattering off
other light hadrons (such as the vector mesons from the
octet), which are not calculated above, are taken to be
10 mb and independent of the collision energy.
V. RESULTS
The medium effect on charm production in relativistic
heavy-ion collisions is expressed in term of the ratio RAA,
which is defined as
RAA(pT) ≡ dN
Pb+Pb
D /dpT
NPb+Pbbinary × dNp+pD /dpT
, (13)
where NPb+PbD and N
p+p
D are, respectively, the numbers
of D mesons produced in Pb+Pb collisions and in p+p
collisions, and NPb+Pbbinary is the number of binary nucleon-
nucleon collisions in Pb+Pb collisions for the centrality
class considered. RAA larger (smaller) than 1.0 indicates
that nuclear matter enhances (suppresses) charm produc-
tion in relativistic heavy-ion collisions.
Fig. 8 shows the ratio RAA of D
0, D+, and D∗+
mesons within the rapidity range |y| < 0.5 as a function
of pT in 0-10 % and 30-50 % central Pb+Pb collisions at√
sNN =2.76 TeV. Here the charm quark mass is taken
to be 1.5 GeV, independent of temperature. The solid
and dotted lines are, respectively, the RAA of D mesons
with and without (anti-)shadowing. We can see that the
RAA of D mesons decreases especially at small trans-
verse momentum due to shadowing, which is consistent
with Fig. 4. When including shadowing our results are
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FIG. 8: (Color online) The ratio RAA of D
0, D+, and D∗+
mesons within |y| < 0.5 as a function of pT in 0-10 % (a)
and 30-50 % (b) central Pb+Pb collisions at
√
sNN =2.76
TeV compared with the experimental data from the ALICE
collaboration [56]. The solid and dotted lines are, respectively,
RAA with and without (anti-)shadowing. The charm quark
mass is taken to be 1.5 GeV.
in a good agreement with the experimental data from
the ALICE collaboration [56]. Since the radiative energy
loss is not yet included in our study, it seems that the
latter is not significant for transverse momenta up to 15
GeV/c. At higher transverse momenta our statistics is
too low to allow for a solid answer. We speculate that the
dominance of partonic scattering is due to the fact that
in PHSD the scattering partners of the charm quarks are
massive partons.
The elliptic flow is generated in non-central heavy-ion
collisions due to asymmetric pressure gradients in the
transverse plane, and expressed in term of the coefficient
v2 defined as
v2(pT) ≡
∫
dφ cos 2φ(dNPb+PbD /dpTdφ)
dNPb+PbD /dpT
, (14)
where φ is the azimuthal angle of the D meson in mo-
mentum space.
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FIG. 9: (Color online) The elliptic flow v2 of D
0 mesons
within |y| < 0.8 in 0-10 % (a) and 30-50 % (b) central Pb+Pb
collisions at
√
sNN =2.76 TeV compared with the experi-
mental data from the ALICE collaboration [57]. The solid
and dotted lines are, respectively, v2 with and without (anti-
)shadowing. The charm quark mass is taken to be 1.5 GeV.
Fig. 9 shows the elliptic flows v2 of D
0 mesons within
the rapidity range |y| < 0.8 in 0-10 % and 30-50 % cen-
tral Pb+Pb collisions at
√
sNN =2.76 TeV. The solid and
dotted lines are, respectively, the results with and with-
out (anti-)shadowing. Again the charm quark mass is
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taken to be 1.5 GeV. We can see that the PHSD re-
sults reproduce the experimental data from the ALICE
collaboration [57]. The (anti-)shadowing effect slightly
decreases the elliptic flows, because it reduces the pro-
duction of low-pT charm which more easily follows the
bulk flow. It has been a challenge for theoretical models
to reproduce the experimental data and to explain simul-
taneously the large energy loss of charm quarks (RAA)
and the strong collectivity (v2) [16]. According to a re-
cent study [58], both RAA and v2 are well reproduced if
the drag coefficient for charm quarks is large close to the
critical temperature. For our drag coefficient this is the
case, since the strong coupling fitted to the lattice EoS
rapidly increases near the critical temperature.
We point out that – for the same scattering cross sec-
tions and hadronization processes – our results are in
good agreement with the experimental data in Au+Au
collisions at
√
sNN =200 GeV as well as in Pb+Pb col-
lisions at
√
sNN =2.76 TeV, which spans more than one
order of magnitude in collision energy
√
s. Considering
that the PHSD transport approach provides good bulk
dynamics from SPS to LHC energies [21], our description
of charm production and charm interactions in relativis-
tic heavy-ion collisions appears consistent.
Finally, we study the effect of off-shell charm on the
charm production and propagation in relativistic heavy-
ion collisions. We recall that the spectral function with a
finite width has both time-like and space-like parts [17].
The time-like parton propagates in space-time while the
space-like one is interpreted as a virtual parton which
mediates the interaction between time-like partons. The
latter contributes to the potential energy density in the
QGP [17]. The potential energy density is then separated
into scalar and (time-component) vector parts by using
the energy density and pressure of the lattice EoS [17]. At
RHIC and LHC energies the scalar potential dominates
by far due to approximately equal densities of quarks and
antiquarks. The scalar potential energy density increases
with increasing temperature (or scalar parton density)
except near Tc [17], and thus gives a repulsive force on
partons in relativistic heavy-ion collisions (except close
to Tc or during hadronization). The repulsive force for
gluons is roughly twice stronger than that for quarks or
antiquarks, because one gluon is roughly equivalent to a
quark and antiquark pair. It is presently not clear how
much a charm quark is affected by scalar partonic forces.
Fig. 10 shows the ratio RAA of D
0, D+, and D∗+
mesons within |y| < 0.5 (a) and the elliptic flow v2 of
D0 mesons within |y| < 0.8 (b) as a function of pT in 0-
10 % central Pb+Pb collisions at
√
sNN =2.76 TeV. The
solid, dashed and dotted lines are, respectively, for charm
quarks with the mass of 1.5 GeV, and for off-shell charm
quarks without and with the repulsive force originating
from the scalar potential energy density. We note that
(Anti-)shadowing is included in all cases. The compar-
ison between the solid and dashed lines shows that the
effect of off-shell charm without repulsive force on RAA
and v2 is small, which is expected from Figs. 5 and 6.
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FIG. 10: (Color online) The ratio RAA of D
0, D+, and D∗+
mesons within |y| < 0.5 (a) and the elliptic flow v2 of D0
mesons within |y| < 0.8 (b) as a function of pT in 0-10 % cen-
tral Pb+Pb collisions at
√
sNN =2.76 TeV compared with the
experimental data from the ALICE collaboration [56]. The
solid, dashed and dotted lines are, respectively, for charm
quarks with the mass of 1.5 GeV, and for off-shell charm
quarks without and with the repulsive force originated from
the scalar potential energy density for light quarks. (Anti-
)shadowing is included in all cases.
When including the repulsive force, the peak of the ratio
RAA is shifted to larger transverse momentum, as shown
by the dotted lines. However, the comparison with the
experimental data from the ALICE collaboration favors
a weaker repulsive force for off-shell charm quarks com-
pared to light quarks.
Fig. 11 shows the distributions of charm quark scatter-
ing in the QGP as a function of collision energy for the
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FIG. 11: (Color online) the distributions of charm quark scat-
tering in QGP as functions of collision energy for the constant
mass and the off-shell mass of charm quark in 0-10 % central
Pb+Pb collisions at 2.76 TeV with the shadowing effect in-
cluded.
constant mass and the off-shell mass of charm quarks in
0-10 % central Pb+Pb collisions at 2.76 TeV (with the
shadowing effect included). The scattering distributions
are similar to each other except at very low
√
s where
the number of scatterings is larger in the case of off-shell
charm. As shown in Fig. 5 (b), off-shell charm has a size-
able scattering cross sections even below
√
s = 1.5 GeV.
However, it induces only little additional scatterings be-
cause the mass of the charm quark – involved in such
scatterings – is much smaller than the pole position of the
charm spectral function and occurs with low probability.
Considering that the number of produced charm quarks
is about 84 and the total number of charm quark scatter-
ing 720 in 0-10 % centrality, one charm quark experiences
on average 9 elastic scatterings before hadronization in
central collisions.
VI. SUMMARY
We have studied charm production in Pb+Pb colli-
sions at
√
sNN =2.76 TeV in the PHSD transport ap-
proach in continuation of our calculations for Au+Au
collsions at the top RHIC energy [22]. The initial charm
quark pairs are produced through nucleon-nucleon bi-
nary collisions by using the PYTHIA event generator.
The (anti-)shadowing, which is a modification of the par-
ton distributions in a nucleus, has been implemented in
the PHSD by using the EPS09 package. We have found
that (anti-)shadowing reduces the charm quark produc-
tion preferentially at low transverse momentum and at
mid-rapidity.
The produced charm and anticharm quarks interact in
the QGP with quarks and gluons whose masses are given
by spectral functions with pole positions and widths be-
ing fitted to the lattice QCD equation-of-state (EoS) [21].
Since the contribution from charm quarks to the energy
density and pressure of the QGP is small, the spectral
function of a charm quark cannot be constrained by the
lattice EoS. Therefore, we have studied two different sce-
narios: In the first case the charm quark mass is 1.5
GeV independent of temperature, i.e. the charm quark
spectral function is a delta function peaked at 1.5 GeV.
In the second case, the pole position and width of the
charm spectral function are assumed to have the same
temperature-dependence as those of light quarks except
that the pole position is shifted by 1 GeV from the pole
position of a light quark. We have pointed out that
our partonic cross sections reproduce the spatial diffu-
sion constant of heavy quarks from lQCD and smoothly
join with that of D mesons in a hadron gas close to the
critical temperature Tc.
Once the local energy density gets lower than the crit-
ical value of the crossover transition in the expansion of
the system, the charm quark is hadronized into a D me-
son (or its excited states) through either coalescence or
fragmentation. The coalescence probability of a charm
quark is calculated from the light antiquarks close in co-
ordinate and momentum space. Accordingly, a charm
quark with a small transverse momentum has a large
coalescence probability, while the one with a large trans-
verse momentum has a small probability. If coalescence
is rejected in the Monte-Carlo method, the charm quark
is hadronized through fragmentation as in p+p reactions.
The essential difference between coalescence and frag-
mentation is that a charm quark gains transverse momen-
tum in the first case while it loses transverse momentum
in the second one.
The hadronized D mesons then interact with hadrons
in the hadron gas phase. The cross sections for D or
D∗ meson scattering off light pseudoscalar mesons, light
baryons and antibaryons are calculated in an effective
Lagrangian approach with heavy-quark spin symmetry.
After several hundred fm/c, depending on collision cen-
trality, the D mesons freeze out, and are analyzed in
momentum for the comparison with experimental data.
As a result from PHSD, both the RAA and the elliptic
flow v2 of D mesons from the ALICE collaboration are
reasonably reproduced. This supports the validity and
consistency of the PHSD approach for charm production
and propagation in relativistic heavy-ion collisions in con-
nection with our previous study at the top RHIC energy
within the same approach [22].
Furthermore, we have found that the shadowing ef-
fect suppresses charm production preferentially at small
transverse momentum and mid-rapidity, and it helps the
PHSD to reproduce the ratio RAA of D mesons from
the ALICE collaboration. The shadowing also slightly
decreases the elliptic flow of D mesons because it sup-
presses the production of charm quarks with small trans-
verse momentum which more easily follow the bulk flow.
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Finally, we have studied the effect of off-shell charm
on the charm production and propagation in relativistic
heavy-ion collisions. It has been found that the scat-
tering cross sections are only moderately affected by the
off-shell charm quarks, but the repulsive force – gener-
ated by a scalar potential energy – shifts the peak of
RAA of D mesons to higher transverse momentum when
assuming the same strength as for the light quarks. The
comparison with the experimental data on the ratio RAA
of D mesons with the actual data from the ALICE col-
laboration supports a weaker repulsive force for off-shell
charm quarks than for the off-shell light quarks.
PHSD is a microscopic transport model that allows
for the detailed study of the charm dynamics in hot
and dense QCD matter within a non-equilibrium trans-
port setting. The specific non-equilibrium features of
the PHSD model sets it apart from other theoretical ap-
proaches which assume thermal equilibrium. Our future
study, which compares and contrasts the results from
PHSD with those from other approaches, should give an
insight into the effect of non-equilibrium matter on the
production and interactions of heavy flavor in relativistic
heavy-ion collisions.
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